Cocaine covalently modifies proteins through a reaction in which the methyl ester of cocaine acylates the -amino group of lysine residues. This reaction is highly specific in vitro, because no other amino acid reacts with cocaine, and only cocaine's methyl ester reacts with the lysine side chain. Covalently modified proteins were present in the plasma of rats and human subjects chronically exposed to cocaine. Modified endogenous proteins are immunogenic, and specific antibodies were elicited in mouse and detected in the plasma of human subjects. Covalent modification of proteins could explain cocaine's autoimmune effects and provide a new biochemical approach to cocaine's long-term actions.
A lthough cocaine binds only transiently to its receptors and is cleared rapidly from plasma (1, 2) , some of its effects persist after weeks or even months of abstinence (3) (4) (5) . Persistence of effects could be caused by cellular mechanisms (6, 7) but also by direct chemical modification of proteins. For example, an unspecified reactive metabolite of cocaine is conjectured to contribute to cocaine-induced alterations in immunity (8) and could explain associated conditions such as thrombocytopenia (9) and vasculitis (10, 11) . No such reactivity has been hypothesized for cocaine itself, but our recent finding (12) that the methyl ester of cocaine is unusually labile because of intramolecular catalysis of hydrolysis led us to reexamine the biochemistry of cocaine.
Cocaine is cleared from plasma in humans through hydrolysis of its ester groups (2) . Benzoyl ester hydrolysis is mediated by various enzymes, but significant hydrolysis of the methyl ester occurs spontaneously under physiologic conditions. We recently found that the unusual lability of the methyl ester was caused by intramolecular acid catalysis mediated by the adjacent tropane nitrogen (ref. 12 ; Fig. 1A , path a). The tropane (pKa 8.6) is protonated predominately at physiologic pH, and transfer of the proton to the incipient alkoxide stabilizes the transition state to the rate-determined tetrahedral intermediate. This mechanism led us to consider the possibility of reaction with other nucleophiles such as those presented by proteins, of interest because covalent modification of proteins can irreversibly alter their function (13) or antigenicity (ref. 14; Fig. 1 A, path b). (15) , for HSA blocked at the N-terminal amino group by transamination with glyoxalic acid (16) , and for HSA blocked at serine and tyrosine hydroxyl groups by reaction with diisopropyl fluorophosphate (17) . 4Ј-[ Western Blot Detection of Cocaine-Modified Proteins. mAb 46H1, purified by protein G affinity chromatography, did not react significantly with HSA or plasma proteins at 1:2,000 dilution. Tosyl-activated magnetic beads (4 ϫ 10 7 ) were coated with mAb 46H1, crosslinked with dimethyl pimelimidate dihydrochloride, and washed free of noncovalently bound antibody with detergent. Blood was obtained from subjects after informed consent was given in accordance with a protocol approved by the Institutional Review Boards at Columbia-Presbyterian Medical Center and the New York Psychiatric Institute. Cocaine-exposed albumin or plasma samples were dialyzed against PBS [1:1,000 (vol͞vol), 3 exchanges] and immunoprecipitated over 4 h at 4°C. Beads were washed four times with PBS, suspended in sample buffer, and boiled for 5 min. SDS͞PAGE and electroblot transfer to poly(vinylidene difluoride) membranes was followed by Western blot with mAb 46H1 (1:2,000 dilution).
Materials and Methods
Biacore Assay of Antibodies to Cocaine-Modified Proteins. The Nhydroxysuccinimide ester of benzoyl ecgonine (100 g in 100 l of PBS, pH 7.0) was administered to mice by tail-vein injection biweekly for 3 doses. Anticocaine antibodies were identified in serum samples by Biacore surface plasmon resonance measurement against cocaine attached at the carbomethoxyl group by a 10-atom tether constructed by methods described previously (20) . Response units were measured as the difference between binding in a tethered cocaine cell and a reference cell. SpeciesAbbreviation: HSA, human serum albumin. ‡ To whom reprint requests should be addressed at: Columbia University, Physicians and Surgeons Building, 10-445, 630 West 168th Street, New York, NY 10032. E-mail: dwl1@columbia.edu.
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specific goat anti-Ig (heavy and light chain) were obtained from Southern Biotechnology Associates.
Results

I-Labeled Cocaine Modifies Albumin in Vitro.
We exposed HSA to 4Ј-[ 125 I]iodococaine under physiologic conditions: buffered saline at 37°C, pH 7.4. At intervals, aliquots were dialyzed to remove unbound radiolabel and subjected to polyacrylamide gel electrophoresis under denaturing conditions (SDS͞PAGE) to remove radiolabel bound noncovalently. Autoradiography of a sample obtained at 3 days showed incorporation of radiolabel into the albumin band at 66 kDa (Fig. 2 , lane 2, HSAϩCOC 3d). In contrast, a sample obtained after a brief exposure (5 min) that was expected to result in predominantly noncovalent interactions showed no incorporation (Fig. 2 , lane 1, HSAϩCOC 5m). Benzoyl ecgonine, the product of methyl ester hydrolysis (see Fig. 1 ), is not susceptible to nucleophilic attack at the carboxylate group, and as expected, incubation of 4Ј-[ 125 I]iodobenzoyl ecgonine with albumin for 3 days resulted in no incorporation ( Fig.  2 lane 3, HSAϩBE 3d ). Although the methyl ester is more labile than the benzoyl ester, cocaine does hydrolyze slowly at the benzoyl group to release benzoic acid; 4-[ 125 I]iodobenzoic acid incubated with albumin for 3 days, however, was not incorporated (Fig. 2, lane 4, HSAϩBA 3d ). These findings indicate that 4Ј-iodococaine can covalently modify protein spontaneously, and the likely mechanism is a nucleophilic attack by the protein at the cocaine methyl ester.
Specific Nucleophilic Attack by Lysine. To identify potential attacking nucleophiles, we investigated the reaction of [N-methyl- 14 C]cocaine with individual amino acids likely to form stable products. We studied lysine, serine, tyrosine, and cysteine, each protected at the carboxylic acid group as an N-methyl amide and at the ␣-amino group as an acetamide, leaving only the side chain nucleophile as a potential reactant. In addition, glycine was studied as the N-methyl amide to model the ␣-amino group of an N-terminal amino acid. Each protected amino acid was exposed to [N-methyl- 14 C]cocaine for 3 days under physiologic conditions and then assayed by TLC under solvent conditions specifically defined to separate an authentic sample of the anticipated benzoyl ecgonine-amino acid adduct cleanly. As expected, the cocaine hydrolysis products ecgonine methyl ester (EME) and benzoyl ecgonine (BE) were observed in each reaction mixture. However, only the protected lysine L yielded a new radiolabeled product (Fig. 3A , lane 2, LϩCOC 3d; other amino acids are not shown) that was not observed with the incubation of cocaine alone (lane 3, COC 3d). The mobility of the product matched an authentic sample of N -benzoyl ecgonine adduct of the protected lysine L (lane 1, BEL), and mass spectrometric analysis showed a parent ion consistent with this structure. Quantitative mass balance showed that at Ͼ50% cocaine consumption, the acylation accounted for Ϸ0.05% of the input of cocaine with the remainder consumed by the ester hydrolyses. No covalent modification was observed with [N-methyl- 14 C]benzoyl ecgonine (Fig. 3A, lane 4, LϩBE 3d) , which lacks the carboxymethyl electrophile.
These results indicating a unique reaction between lysine and cocaine were supported further by the effect of blocking of side chain functional groups on incorporation. Thus, permethylation of the amino groups of albumin with formaldehyde and sodium borohydride blocked reaction with 4Ј-[ 125 I]iodococaine in vitro (Fig. 2, lane 5, MeHSAϩCOC 3d) . This permethylation method is highly selective for lysine -amino groups (15) , and the resulting dimethyl amino groups would be incapable of forming a stable acylation product with cocaine. In contrast, selective blocking of N-terminal amino groups (16) or serine and tyrosine hydroxyl groups (17) failed to block incorporation of label (Fig.  2, lanes 6 and 7) .
The reaction of cocaine with the -amino group of lysine was selective for the methyl ester of cocaine. Thus, no reaction was observed at the benzoyl ester when the radiolabel was repositioned to the benzoylcarbonyl group (e.g., [benzoylcarbonyl-14 C]cocaine) and chromatographic conditions were readjusted to report nucleophilic attack at this site (Fig. 3B, lane 3, LϩCOC  3d) . Also, no reaction was observed when the carbomethoxyl group of [N-methyl- 14 C]cocaine was epimerized from the ␣ configuration to the ␤ to preclude the formation of a hydrogen bond with the tropane NH (data not shown). These results are consistent with the specific acylation of lysine -amino groups by the methyl ester of cocaine through intramolecular catalysis.
Cocaine Modifies Plasma Proteins in Vivo.
To determine whether modification of proteins occurs in vivo, we developed an immunoassay for the benzoyl ecgonine acylation product. mAb 46H1 was elicited to benzoyl ecgonine attached to a carrier protein by an amide bond (ref. 20 ; Fig. 1C ). On Western blot, mAb 46H1 bound authentic benzoyl ecgonine-HSA adduct but not HSA (Fig. 4A) . Exposure of HSA to cocaine for 3 days followed by immunoprecipitation and Western blot with mAb 46H1 showed anti-benzoyl ecgonine amide immunoreactivity (Fig. 4 A,  HSAϩCOC 3d) . To test the effect of in vivo exposure, we treated rats (n ϭ 6) with cocaine (32 mg͞kg) i.p. twice daily for 7 days. Plasma samples harvested after an abstinence of 1 day, during which free cocaine cleared from the plasma, showed two dominant immunoreactive bands (66 and 120 kDa) not found in pretreatment control plasma (Fig. 4B) . We performed a similar analysis on the plasma of people who used 1 g or more of cocaine per week. Plasma samples obtained after an observed abstinence of 1-3 days showed anti-benzoyl ecgonine amide immunoreactivity not found in controls, with dominant bands at 66 and 120 kDa and a minor band at 39 kDa (Fig. 4C) . No immunoreactivity was found in controls. The major immunoprecipitated bands were identified by mass spectrometric analysis of tryptic digest fragments (21) as serum albumin and ␣ 2 -macroglobulin, respectively.
Antibodies to Modified Proteins in Mouse and
Man. Covalent modification of proteins by small molecules can alter their antigenicity significantly (14) . To evaluate the immunogenicity of endogenous proteins modified by cocaine, the activated analog of cocaine, benzoyl ecgonine N-hydroxysuccinimide ester, was administered directly to mice at biweekly intervals. This ester could react with plasma proteins (Fig. 1B) in situ and elicit antibodies that would crossreact with cocaine. Cocaine was attached through a 10-atom tether to a gold surface, and binding to it was measured by Biacore surface plasmon resonance. Plasma from injected mice (n ϭ 3) demonstrated a new binding activity against tethered cocaine. The presence of an antibody in the binding complex was confirmed by recognition with goat anti-mouse Ig antibody. The binding of the murine antibody could be blocked by pretreating the plasma with free cocaine, thereby confirming its anti-cocaine specificity (Fig. 5 A and C) . We concluded that in vivo modification of endogenous proteins by the benzoyl ecgonine moiety of cocaine could yield an effective immunogen that would elicit anti-cocaine antibodies.
Based on these results, we screened plasma samples from long-term (14 Ϯ 3 yr) cocaine users and nonuser control subjects by using our Biacore assay for anti-cocaine antibodies. Two of seven cocaine users (but none of 10 controls) showed significant plasma protein binding to tethered cocaine (Fig. 5 B and C) . The presence of Ig in the binding complex was confirmed by recognition with goat anti-human Ig antibody. The anti-cocaine specificity of the human antibodies was confirmed by inhibition of binding in plasma samples pretreated with free cocaine (Fig.  5B, Lower) . Covalent modification by cocaine of IgG (22) did not contribute measurably to the immune response, because antibody binding to free cocaine was reversible (data not shown).
Discussion
The results presented herein show that cocaine covalently modifies proteins. A spontaneous chemical reaction was observed in vitro and found to be restricted to the benzoyl ester group of cocaine and the -amino group of lysine. Modified proteins were demonstrated in vivo in an animal model and in 6 of 6 human users tested. Spontaneous reaction of lysine -amino groups with cocaine could be responsible for the in vivo modification, but the efficiency in vitro is low, and we cannot exclude a parallel modification of lysine or other amino acids through an enzymatic reaction. Because repetitive self-administration of cocaine is the hallmark of addiction, haptenization at even a low level of efficiency could have clinical consequences, which we observed in 2 of 7 users tested.
As an apparent consequence of covalent modification, we detected antibodies to modified proteins in human long-term users of cocaine. By analogy to various drug-induced vasculitides (23) and penicillin-induced thrombocytopenia (14) , the vascular (10, 11) and blood cell abnormalities (9) noted idiosyncratically with chronic cocaine abuse may be a consequence of autoimmune phenomena initiated by covalent modification by cocaine.
Covalent modification of the constituents of blood could have diagnostic applications. Plasma or red blood cell levels of a long-lived cocaine adduct could provide a measure of past exposure and aid the management of abstinence. Such a reporter function would be analogous to the use of glycosylated hemoglobin (24) as a marker of past hyperglycemia and a guide to the management of diabetes. Alternatively, cocaine-modified blood proteins could serve as secondary markers for the modification of less accessible proteins. The use of modified plasma proteins as proxies would be similar to the use of advanced glycation end products-hemoglobin as a marker of widespread advanced glycosylation (25) .
The modification of relatively few proteins in plasma was unexpected. Albumin and ␣ 2 -macroglobulin are abundant, and the modification of a protein will be greater the greater its concentration or the number of accessible lysine residues and in vivo the signal will be greater the slower the turnover. Additionally, these proteins share function as pleiotropic-binding proteins (26, 27) , and preconcentration of cocaine within a noncovalent binding pocket of these proteins (i.e., at a receptor) may have increased the efficiency of incorporation. Albumin is known to catalyze reactions through a lysine -amino group of atypically low pKa (28, 29) , and such amino groups could function as particularly potent nucleophiles. More generally, functional groups of a protein could autocatalyze acylation by cocaine. Finally, we have noted that cocaine also labels only a few proteins in rat cerebral cortex membranes in vitro (N.B. and D.W.L., unpublished observation), and of particular interest is the possibility that enhanced covalent modification of one or more cocaine-binding neurotransmitter receptors or transporters (30) (31) (32) contributes to some of the long term neuropsychiatric effects of cocaine (3-5).
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